Despite its pivotal role in evolutionary and ecological processes the genetic architecture underlying host-12 parasite interactions remains understudied. Here we use a quantitative trait loci approach to identify 13 regions in the Daphnia magna genome that provide resistance against its microsporidium parasite 14
Introduction
Materials and Methods 74
Study system 75
The water flea D. magna inhabits fresh water lakes and ponds across the northern hemisphere where it 76 plays a key role in ecosystem functioning (e.g. by grazing down phytoplankton, influencing water 77 transparency, and preventing the outbreak of algal blooms). Throughout its range it is infected by the 78 microsporidian gut parasite O. colligata (Ebert 2005) . This parasite shows local adaptation (Refardt and 79 Ebert 2007, Stanic et al. unpublished) and can reach high prevalence (up to 100%) in natural populations 80 (Ebert 2005) . Furthermore, there is variation in resistance within populations, with some hosts within the 81 same population being either fully resistant or susceptible (Refardt and Ebert 2007, Stanic et al. 82 unpublished). Infection with Ordospora occurs when Daphnia inadvertently ingest environmental spores 83 of the parasite while filter feeding. The parasite subsequently invades the epithelial gut cells where it 84 reproduces intracellularly and eventually lyses the cells. After being released, the spores either infect 85 neighbouring gut cells or are released with the faeces into the environment where they can infect new 86 hosts. 87
88
The QTL Panel 90
The QTL panel used for this study has been previously utilized to identify loci in D. magna for other 91 traits, including resistance to several different pathogens. We refer interested readers to Routtu et al 92 (2010) and Routtu et al (2014) for details on the genetic map and the F2 panel. In short, since D. magna 93 reproduce via facultative parthenogenesis, genetic crosses can be performed. These crosses result in 94 recombinant offspring that can subsequently be maintained asexually in clonal populations. A standing 95 panel of D. magna F2 lines, genotyped at 1324 SNP-markers, is maintained in the laboratory of Dieter 96 Ebert (http://evolution.unibas.ch/ebert/research/qtl/index.htm). This panel was created by selfing a single 97 hybrid F1 clone that was obtained by crossing two parental genotypes that are divergent for numerous life 98 history traits, including parasite resistance. Samples for the parents were originally collected from 99
Finland, Tvärminne (X-clone) and Germany, Munich (I-clone). These genotypes were selfed three times 100 and once, respectively, to obtain the maternal (Xinb3, BB-genotype) and paternal (Iinb1, AA-genotype) 101
genotypes. In total we used 186 different clonal F2 lines from the standing QTL panel to identify 102 resistance loci in D. magna against Ordospora strain 2, which originated from Belgium. 103
Phenotyping 104
Prior to assessing resistance against Ordospora, the Daphnia QTL panel was maintained for 8 weeks 105
under standard conditions to minimize maternal effects. Ten to twelve adult females were kept in 400 ml 106 glass microcosms filled with Artificial Daphnia Medium (ADaM; Klüttgen et al. 1994 , modified to use 107 only 5% of the recommended SiO2 concentration). Animals were transferred to clean microcosms 108 containing fresh medium twice per week and fed three times per week with 125 million batch-cultured 109 green algae (Monoraphidium minutum, SAG 278-3, Algae Collection University of Goettingen). 110
Microcosms were kept in a biochamber with a 16:8 light:dark cycle, at 20°C. Phenotyping of Ordospora 111 resistance was initiated by collecting six and twelve females juveniles (up to 48 hours old) respectively 112 from each of the F2-lines and both parental lines. Animals were individually placed into separate 100 ml 113 microcosms filled with 80 ml ADaM and 15 million algae. When juveniles were between 3 and 5 days 114 old they were exposed to 50,000 spores of Ordospora. The spore solution was prepared by homogenizing 115 a large quantity of infected hosts, and spore concentrations were quantified using a hemocytometer and 116 phase contrast microscopy (400x magnification). Animals were exposed to the parasite for seven days, 117 after which they were transferred to fresh medium. All individuals were fed a diet of 15 million algae 118 three times per week throughout the experiment and were transferred to fresh medium twice per week. 119
The experiment was terminated when animals were 30 days old, at which point all animals were 120 sacrificed and dissected. Dissections and inspection under phase contrast microscopy allowed us to 121 determine infection status (infected or not) as well as quantify the total number of parasite clusters between QTL. Candidate QTL were joined into a single model, and their location was further refined by 138 moving each QTL to the position with the highest likelihood. We used analysis of variance to estimate the 139 proportion of total variance explained by the fitted models. Here, we report the results of the Haley-Knott 140 regression method, which is robust to the use of proportion data. Although this method can be sensitive to 141 epistasis and linkage, the extended Haley-Knott method (which addresses these shortcomings, Feenstra et 142 al. 2006) gave near identical results for single genome scans (results not shown). Genome-wide 143 significance levels for infectivity and burden were calculated using 10,000 permutation tests. For QTLs 144 underlying infection, significant (α < 0.05) and suggested (α < 0.10) QTLs corresponded to LOD scores 145 of 3.79 and 3.47, respectively, while for QTLs underlying spore burden these values corresponded to 3.82 146 and 3.46. 147
Comparison with previous studies 148
To compare our findings to previous work we obtained the 95% confidence intervals of QTL identified 149 for other pathogens in D. magna (Routtu and Ebert 2015; Krebs et al. 2017 ). As confidence intervals 150
were not always available from the original publications, we reanalysed the original data sets (data kindly 151 provided by D. Ebert) for all QTL with potential overlap with the QTL we identified for Ordospora. Two showed potential overlap with the QTL we identified. We reanalysed the QTL identified for For both studies we used single dimensional scans to obtain the LOD profiles, calculated the 95% 157 confidence intervals and fitted the genetic models specified in their respective publications if multiple 158 QTL were identified on the same linkage group (i.e. chromosome). Finally, we checked if any of the QTL 159 identified overlapped with areas in the Daphnia genome found to be under selection (Bourgeois et al. 160 2017) . As this study used a different version of the genome assembly than the previous studies (version Results 164
Infectivity 165
The maternal line (Xinb3) was more susceptible to Ordospora strain 2 (8 out of 10 replicates infected) 166 than the paternal line (Iinb1, 5 out of 12 infected), although this difference was not significant (P = 0.099 167 fisher exact test). The F1 hybrid was more resistant than either of the parents with only one replicate out 168 of twelve infected (P = 0.0023). Out of the F2-lines, 30% (n=50) were fully resistant to Ordospora strain 169 2, while in the remaining 70% (n=114) one or more replicates were infected, with only a few lines (4%, 170 n=6) fully susceptible ( Fig. 1A) . A single-QTL genome scan revealed a QTL for infectivity (scored as the 171 proportion of replicates infected) at the beginning of linkage group 1 with a LOD score of 4.9 explaining 172 ~13% of the observed phenotypic variation (Table 1, Fig. 1B , Table S1 ). As expected from the parental 173 genotype, individuals carrying alleles from the maternal line (BB or AB) were more susceptible than 174 those that had the paternal genotype (AA, Fig. 2D ). Variation explained increased to 17.5% when 175 infectivity was considered a binary trait (i.e. a F2 line was considered susceptible when a single replicate 176 was infected), but due to a lack of convergence in scans for interactions between two QTLs this approach 177 was not further pursued. A two-QTL scan on the proportion of replicates infected did suggest (α < 0.1) 178 the presence of an additional pair of interacting QTL located on linkage group 7 and 8 explaining 23% of 179 the observed phenotypic variation ( Fig. 1B, table 1 ). Individuals carrying the maternal genotype on 180 linkage group 7 (BB, AB) were more susceptible to Ordospora, but only if they carried alleles of the 181 paternal genotype (AA, AB) on linkage group 8. Additionally, homozygous individuals (AA) were highly 182 susceptible (~75% of replicates infected) on a BB background ( Fig. 1F) . A model combining the three 183 QTL and the interaction captured 33% of the phenotypic variation in infectivity (Table 1) . 184 after 30 days of exposure than the paternal line (20 spore clusters). The spore numbers in the F1 lines 189 were similar to the paternal line (7 spore clusters). Most lines in the F2 panel (n = 64) had less than 250 190 spore clusters and only a few (n = 2) reached burdens exceeding 1000 spore clusters (Fig. 1C) . A single-191 QTL genome scan on square root transformed counts of the number of spore clusters revealed a QTL on 192 linkage group 6 with a LOD score of 5.14 which explained 18% of the phenotypic variation in parasite 193 burden in infected hosts (Table 1 , Fig. 2D , Table S1 ). Interestingly, F2 genotypes homozygous for the 194 paternal genotype (AA) carried much higher spore burdens than genotypes with a maternal allele (AB, 195 BB, Fig. 2E ), while burden in the parental lines showed the opposite pattern (maternal clone carrying 196 higher burden). A subsequent two-QTL scan did not find any additional significant (α < 0.05) or 197 suggestive (α < 0.1) QTL. The QTL found for infectivity and burden did not overlap and the notion that Table S1 ). This analysis also revealed that long-term population-level persistence (30 weeks) of infection 205 with Hamiltosporidium was mapped to the same marker that we identified to be associated with 206 infectivity on linkage group 1 for Ordospora (Table S1, Fig 2A) . Furthermore, the phenotypic effects of 207 both resistance traits are nearly identical ( Fig. 2D and 2G) and the same region was previously identified 208
to be under selection (Bourgeois et al. 2017 ). There was also overlap between a QTL for long-term 209 persistence of Hamiltosporidium and the QTL for within-host burden of Ordospora on linkage group 6. 210
In addition, the QTL identified by Routtu and Ebert (2015) for spore burden following vertical and 211 horizontal transmission of Hamiltosporidium also mapped to the same region (95% confidence intervals 212 of all studies overlapped, Fig. 2B ). Interestingly, however, phenotypic effects for Ordospora and 213
Hamiltosporidium are opposite (e.g. individuals homozygous for the maternal phenotype are susceptible 214 to Hamiltosporidium but resistant to Ordospora , Fig. 2E and 2H ). Routtu and Ebert (2015) also identified 215 two QTL on linkage group 8 but confidence intervals did not overlap with the QTL we identified on this 216 linkage group for infectivity of Ordospora. We did, however, find that the marker associated with one of We observed substantial variation in the F2 panel (186 clonal lines generated by selfing a F1 233 hybrid) for infectivity, the first line of host defence against Ordospora. Our analysis detected one QTL at 234 the beginning of linkage group 1 (Q1) and suggested the presence of a pair of interacting QTL on linkage 235 groups 7 (Q7) and 8 (Q8), which together explained 33% of the observed variation ( Fig.1B, Table 1 ). 236 This is comparable to previous studies, which used the same F2 panel to identify QTL involved in 237 resistance against Hamiltosporidium tvaerminnensis, another microsporidian parasite of Daphnia. These 238 studies were able to explain 22% and 38% of the observed variation in infection and long term persistence 239 in this related system (J Routtu and Ebert 2015; Krebs, Routtu,s and Ebert 2017). Interestingly, one of the 240 three QTL for long term Hamiltosporidium persistence in mesocosm populations identified by Krebs, 241 Routtu and Ebert (2017) was mapped to the same genetic marker on linkage group one as Q1 (Fig 2A,  242 Table S1). This indicates that this QTL may offer simultaneous resistance against both parasites, and 243 potentially microsporidia in general. The fact that this QTL appears to have near identical genotypic 244 effects and dominance in both studies further supports this notion (compare figure 2D and 2G ). Both underlying the second line of defence against Ordospora, which influences the amount of spore clusters 248 which grow within the host, also found a QTL on linkage group 6 (figure 1D, Table 1 ). This QTL genomic region as the QTL for Hamiltospordium, or that the same locus has opposites effects on these 258 two parasites. Both Routtu and Ebert (2015) and our study also identified QTL on linkage group 8; 259 however, the absence of segregation distortion in our study which was observed for Hamiltosporidium 260 and the non-overlapping confidence intervals leads us to believe that these are separate loci ( Fig 2C) . 261
We identified separate QTL for infectivity and burden, indicating that both traits act independently to 262 determine Daphnia resistance to Ordospora. This is further supported by the absence of a correlation 263 between both traits (Fig. S1 ). It is somewhat surprising that infectivity and spore burden are not 264 correlated to each other, as in our experiment spores released from infected cells are able to re-infect the 265 same individual directly (cell to cell), and one may therefore expect animals with higher resistance to 266 infection to have lower spore loads. One possible explanation is that resistance to infectivity only occurs 267 when the parasite initially invades the gut, and that subsequent within-host spread follows a different 268 mechanism. A potential mechanism could be if Ordospora produces separate spores for within-and 269 between-host transmission, as has been suggested for other microsporidia (Dunn, Terry additional loci or alleles which act in the defensive steps we identified here. Although the parental 283 genotypes of our study were picked to be as different as possible, the genetic variation captured by the F2 284 panel represents a subset of the natural variation. Indeed, an explanation for the mismatch between the 285 highly susceptible F2 lines which were homozygous for the paternal genotype that was highly resistant, is 286 that the paternal line was heterozygous for a trait(s) not segregating in the F2 panel (i.e. the F2 panel was 287 based on a single F1 clone which only received half of the genetic material of the paternal line). Results 288 from a pilot experiment also suggest that the genetic architecture of resistance may be more complex, 289
with either more alleles on the loci identified here or additional QTL. This pilot found that three of the 290 seven parasite strains were unable to infect either parent in the QTL panel (Table S2) Although we lack a detailed understanding of the genetic architecture underlying microsporidia resistance 295 in animals, our finding that resistance to Ordospora is coded for by multiple QTL and an epistatic 296 interaction corroborates previous studies. Indeed, as discussed, resistance against the microsporidian 297
Hamiltosporidium may even be coded for by the same QTL (Routtu and Ebert 2015; Krebs et al. 2017) . 298
Two other studies on the genetic architecture of microsporidia resistance also conclude that multiple QTL 299 underlie resistance, with four QTL identified for resistance in both C. elegans and honeybee (Apis Thus, in general, microsporidian resistance seems to follow the genetic architecture observed for other 305 parasites, but more work is needed to confirm this. 306
For coevolution to maintain genetic variation via NFDS hosts must show specific resistance to certain 307 parasite strains and parasites must be able to infect specific hosts (Carius et al. 2001 ). Furthermore, the 308 genetic architecture underlying this specificity needs to be based on few loci (less than five loci; Otto and 309 Here, we showed that the genetic architecture of host resistance to Ordospora is relatively simple (less than 5 QTL), consistent with the requirements for also the interaction (i.e. epistasis) among QTL conferring resistance to different Ordospora strains would 317 be critical for the outcome of the evolutionary dynamics, we cannot draw concrete conclusions on the 318 occurrence of NFDS. The absence of parasites able to infect all host types and presence of highly 319 specialised parasite strains (Refardt and Ebert 2007, Stanic et al. unpublished) does suggest that QTL 320 conferring resistance to other Ordospora strains may not be independent, or that these QTL carry fitness 321 costs. One potential cost of resistant to Ordospora could be susceptibility to Hamiltosporidium (i.e. 322 antagonistic pleiotropy), as we find that the same genomic region affects the burden of both microsporidia 323 in opposite directions (both parasites frequently co-occur throughout part of their range (Ebert 2005) ). 324
Previous work in another Daphnia-pathogen system also identified a genomic region with opposing 325 effects on parasite resistance, depending on the pathogen's identity. Daphnia were either resistant to one 326 strain of the bacterial pathogen Pasteuria ramosa or to a different strain, but not resistant to both strains 327 (Luijckx et al. 2013) . Modeling work has shown that such a genetic architecture of resistance could 328 support the maintenance of genetic variation at the resistance locus (Luijckx et al. 2013; Engelstädter 329 2015) . Although the locus underlying Pasteuria resistance was mapped to linkage group 3 (Bento et al. 
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